Objective molecular dynamics combined with density-functional-based tight-binding makes possible to compute chiral nanotubes as axial-screw dislocations. This enables the surprising revelation of a large catalog of MoS2 nanotubes that lack the prescribed translational symmetry and exhibit chirality-dependent electronic band-gaps and elastic constants. Helical symmetry emerges as the natural property to rely on when studying quasi-one dimensional nanomaterials formally derived or grown via screw dislocations.
Due to the enormous interest in modulating properties at the nansocale, understanding the fundamental interplay between the ionic and electronic degrees of freedom in chiral nanostructures is of great importance. Many of the extraordinary properties of single-wall carbon nanotubes (CNTs) [1] originate in their intrinsic symmetry. Unfortunately, little is known about other chiral NTs with more complex walls. On the theoretical side, this is partially due to the inconvenience of handling chirality within the standard treatments of crystalline solids.
A CNT is usually conceptualized by the pure rolling of a graphene ribbon into a seamless cylinder. During this process the circumference vector C 0 is rolled into a circle while the translation vector T 0 stays straight [2] . The expectation is that the translational symmetry is well preserved even though the bond lengths and angles between atoms will slightly change upon rolling due to finite curvature effects. Next, microscopic treatments formulated under periodic boundary conditions (PBC) are applied in order to determine the optimal periodicity and the atomic locations inside one PBC cell. Symmetryconstrained microscopic calculations confirmed [3] [4] [5] [6] that roll-up gives good predictions for the CNTs' structural parameters. This also indicates that the linear elastic response is largely maintained upon rolling. Due to the isotropy of graphene, the elastic constants of CNTs should not dependent on chirality. This is what microscopic quantum-mechanical calculations have consistently found [5] [6] [7] [8] , sometimes at odds with classical potential-based studies proposing non-negligible chirality dependences.
The makeup of a chiral CNT was originally depicted by Iijima [1] in a different way, namely by rolling a graphene ribbon followed by gliding of the edges past one another, essentially via an axial screw dislocation. Microscopic modeling based on this description was only recently achieved due to the recent development of objective molecular dynamics (MD) [9, 10] . Our method allows computing chiral NT structures in a nanomechanical way [4] , as the result of the Eshelby's twist [11] introduced by the axial screw dislocation.
New findings often come by using new investigation methods. While the two (PBC and objective) MD approaches are intuitively expected to give identical results, here we show that for a large catalog of chiral molybdenum disulphide (MoS 2 ) NTs, only the new treatment is applicable. Below ∼ 7 nm in diameter, rolling-up the MoS 2 layer becomes nonlinear. The twist introduced by the axial screw dislocation breaks the prescribed translation, giving rise to a NT for which standard PBC treatments are no longer suited. Fortunately, the helical symmetry introduced by the Eshelby's twist combined with objective MD provide a general framework to perform microscopic studies. Using this treatment, we demonstrate electronic band-gap variations with chirality, and anisotropy in the elastic constant of chiral MoS 2 NTs.
Synthesized not long ago [12] , MoS 2 NTs are interesting structures to understand chirality. They are currently investigated experimentally, especially in relation with their mechanical properties [13] , and are very well described with atomistic approaches [14] . The MoS 2 NT wall is less stiff than graphene although still isotropic in the linear-elastic regime. It has a rippled hexagonal appearance, Fig. 1(a) , consisting of a triangular Mo layer located between two triangular S layers, such that each Mo atom bonds with six S atoms. To generate the flat sheet, the primitive cell delineated by vectors a 1 and a 2 connecting neighboring Mo atoms and the positions of the MoS 2 molecule are needed. Fig. 1 (a) (left) shows a (n, n) NT formed by rollingup a MoS 2 ribbon with zig-zag Mo and S edges. The infinitely long tubule can be mathematically generated by repeated axial translations with Burgers vector b 3 = a 1 − a 2 applied to the atoms located in the translational ring below. Fig. 1 (a)(right) shows a (n + 1, n − 1) NT obtained by rolling-up the same ribbon, followed by an additional axial glide with b 3 . This glide creates an axial screw dislocation with respect to the armchair NT, with Burgers vector ib 3 , where i is an integer. The glide induces a torque that produces an atomic-scale Eshelby's twist, and formation of a (n + i,n − i) chiral pattern [4] .
In our objective MD, we describe a chiral (n + i, n − i) NT from the same N atoms belonging to the translational cell of the (n, n) MoS 2 NT. Let X j be their atomic positions after axial glide with ib 3 . We call this collection of N atoms objective cell. Positions X j,ζ of the atoms located in the objective cell replica indexed by integer ζ are obtained with
Axial vector b combined with rotational matrix R of angle θ characterize the helical transformation. These structural parameters are analogous to the lattice vectors in PBC MD. Special consideration was needed [10] to accommodate the electronic subsystem to eq. (1). The one-electron states were represented in terms of symmetry-adapted Bloch sums
Here, N s is the number of helical operations (typically ∞) over which the cyclic boundary conditions are imposed. The Bloch factors are eigenvalues of the helical operators and −π ≤ κ < π is the helical quantum number. |αj, ζ is the orbital with symmetry α located on atom j, all in the objective cell indexed by ζ oriented such as the invariance (1) is satisfied. The valence shell basis set used here comprises sp and spd basis functions for S and Mo, respectively. To describe the interatomic interactions we rely on density functional theory-based non-orthogonal two-centre parameterizations [14] implemented in the code Trocadero [15] . The linear combinations of atomic orbitals were sampled for 5 κ values of the helical Bloch phase and the forces on each N atoms were computed from the band energy. In analogy with PBC MD, the objective MD solution represents the mapping with (1) of the time-dependent displacements of the N atoms onto the full NT structure. This way [9] , the unconstrained set of coupled differential equations of the molecular dynamics for the full structure is satisfied under initial conditions invariant to the group operations associated with eq. (1).
In this theoretical framework we have performed calculations on five families (n = 10, 14, 16, 18) generated by introducing axial screw dislocations in (n,n) NT structures. Additionally, a large collection of armchair and zig-zag NTs of 1 − 9 nm diameter was considered. The initial structural information for a (n,m) NT is adopted from the rolled MoS 2 layer, for which the free parameters of eq. (1) can be obtained with the simple expressions |b 0 | = √ 3a(n + m)/2 √ n 2 + nm + m 2 and θ 0 = π(n − m)/(n 2 + nm + m 2 ). Parameter a = 3.27Å is the length of the primitive vectors of the flat layer. Additionally, the radius of this tubule writes [9] 
. The stress-free atomic positions and the Eshelby's twist parameters (|b E | and θ E ) are identified by applying an objective modeling procedure, objective MD within conjugate gradient minimization of the total potential energy.
Most unusually, we find that for a large catalog of NTs the structural parameter predictions given by the roll-up are not adequate. This is exemplified in Fig. 1(b) for  the (10, 10) ...(20, 0) NT family. Indeed, axial relaxation under fixed angle θ 0 only is not sufficient, and further angular relaxation in the vicinity of relaxed |b E | lowers the energy. The angle values of the stress-free chiral structures θ E deviate from the predicted θ 0 indicated by down arrows. Thus, the chiral NTs possess an intrinsic twist with respect to roll-up configuration.
More insight into the structural parameters of stressfree NTs is obtained by analyzing the variations shown in Fig. 2(a) and (b) . The axial prestrain ε = (|b E | − |b 0 |)/|b 0 | and the radial prestrain ε * = (R − R 0 )/R 0 are essentially zero in the large diameter region. No intrinsic twist was found at these diameters and we conclude that pure roll-up is achieved for diameters larger than ∼ 7 nm. At lower diameters however, the behavior is nonlinear. The rolling of the MoS 2 layer couples both with the in-plane strain and the rolling curvature. Fig. 2(a) shows that while armchair NTs slightly elongate with increasing curvature, the zig-zag ones shrink. As a result, in chiral NTs the axial prestrain values are spread between these two curves. Concurrently, NTs undergo a decompression with respect to the rolled-up configuration, Fig. 2(b) , with practically no chirality dependence.
For a compact characterization, we combined simple symmetry arguments with the extensive numerical computations and derived simple functional forms for all prestrains. Ignoring the small chirality effect, the radial prestrain can be described by a simple fitting of the atomistic data, as ε * = 5.4(R/Å) −1.55 . We further assume the same radial scaling for the other prestrains. At constant R, the developed anisotropy between special armchair and zig-zag directions implies that both ε * and the shear prestrain γ = (θ E − θ 0 )R/|b E |, must have a 60 o period in their chirality angle dependence. Fig. 2 present to the extent that the NT structures can be described by applying successive commuting helical transformations to the MoS 2 molecule, as
Of course, the structural parameters for the old helical operator are |b E | and θ E . The new helical transformation is characterized by a translation T = T 0 (1+ε) and an axial rotation matrix R of angle θ = γT . Note that, if γ is vanishingly small, eq. (3) becomes the translationalhelical representation [2] . The helical polymers [6] generated with (3), regardless of the positions of the atoms in the molecule, belong to the larger class of recently defined objective molecular structures [16] . Informally, in an objective molecular structure corresponding atoms in different molecules see exactly the same environment up to orthogonal transformation (translation and rotation). The helical symmetry introduced by the Eshelby's twist combined with objective MD is a suitable framework to study the chiral MoS 2 NTs. For example, in PBC calculations the common way to analyze the electronic energy is by plotting the electronic bands as a function of the linear momentum. Analogously, in objective calculations electronic states are plotted as a function of the helical quantum number k, as exemplified in Fig. 3(a) for the tight-binding states of a (19, 1) NT. Our analysis found that all computed chiral NTs have indirect band-gaps. Within the same family, band-gap decreases smoothly with increasing χ, Fig. 3(b) . The chirality dependence is pronounced at smaller diameters.
If the structural parameters |b E | and θ E are varied around their optimized values, the NT's property of being an objective molecular structure is retained but helical strain states are introduced [6] . Using this strategy we studied pure tensile and torsional deformations [3] within the adiabatic approximation, i.e. when forces on atoms are derived from the electronic ground state at each strain configuration. Evaluation of the elastic constants was then accomplished with simple second-order polynomial fits to the ground-state energy's dependence on strain.
When the nonlinear elasticity under rolling-up arises, this should alter the isotropic elastic behavior of the MoS 2 NTs. Indeed, for diameters under ∼ 7 nm there is a discernible diameter-and chirality-dependent anisotropy in the elastic response, as can be seen in the obtained Young's Y and shear G elastic constants displayed in Fig. 4 . Microscopically, this originates in the significant distortion of the hexagonal lattice symmetry, as quantified by the ε, ε * , and γ prestrains. The similarity between the elastic quantities of NTs and the flat MoS 2 layer holds only at diameters larger than ∼ 7 nm, consistent with the prestrain analysis. In this region, typical values Y = 230 GPa, G = 88 GPa, and Poisson ratio ν = 0.3 (obtained from the isotropic elasticity relation G = Y /2(1 + ν)), and bending rigidity D = 34.4 eV/molecule (obtained from the strain energy of NTs) compare favorably with experiment [17] , demonstrating the reliability of the employed treatment.
In conclusion, adopting the screw-dislocation NT construction view and the recent theoretical advances, we reveal a large collection of MoS 2 NTs that lack the standard translational symmetry. Thus, the usual roll-up construction needs to be amended: while the circumference vector is being rolled, the translation vector should turn into a helix. Deriving the parameters for this helix is complex and requires both the ability to describe the nonlinear microscopic response of the MoS 2 to rolling and an accurate description of the interatomic interactions. It is likely that many other NTs have a locked twist, including very small diameter CNTs. The methodology introduced here, objective MD relying on the helical symmetry of the Eshelby's twist, is general and can predict structure, properties and dynamical behavior for other chiral nanostructures, including lead sulphide [18] and lead selenide [19] nanowires grown via a screw dislocation mechanism, polymers and certain biomolecules. Here we showed that helical MoS 2 NTs with intrinsic twist have χ-dependent fundamental band-gaps and elastic responses. Although of practical interest [13] , the elastic torsional response of MoS 2 NTs was not studied extensively until now due to the incompatibility of PBC with this type of deformation. The knowledge of the band-gap and elasticconstant variations with χ opens the possibility to design new NT-pedal [13] 
